Background and Objective-The aims of the present study were to investigate the thermaldose dependent effect of heat stress on hepatocyte and HCC cell death mechanisms using clinically relevant experimental heat stress conditions in vitro and to investigate apoptotic cell death induced by laser thermal ablation in vivo.
INTRODUCTION
Imaged-guided thermal ablative therapies including laser ablation have emerged as safe and effective, minimally invasive treatment options in the multidisciplinary care of nontransplantable patients with hepatocellular carcinoma (HCC) (1) (2) (3) (4) . Analysis of several clinical trials has demonstrated excellent local control rates and improved overall survival for HCC patients treated with thermal ablation for tumors smaller than 2-3 centimeters (5-7). However, as tumor size increases, thermal ablation of HCC is plagued by high local recurrence and tumor progression rates, particularly for tumors beyond 2-3 centimeters in size, and overall survival remains poor for these patients (5, (8) (9) (10) . The ablation margin is a frequent site of local tumor progression due to sublethal thermal injury, thereby resulting in incomplete treatment and viable residual disease (10) (11) (12) (13) .
The primary mechanism of action of thermal ablative therapies is cytotoxic heat stress with the goal of achieving focally high temperatures (>60°C) in a relatively short period of time (≤10 minutes) to induce irreversible cell injury throughout the tumor volume (14) . However, the threshold temperature and/or exposure time at which heat stress induces cell death varies by tissue and cell type, thus cell-type specific mechanisms may confer sensitivity or resistance to heat stress-induced cell death (15) . Previous in vitro studies have demonstrated that heat stress induces both rapid and slow forms of cell death, suggesting that heat stress may induce cell death via multiple mechanisms with varying kinetics (16) . Nonprogrammed coagulation necrosis has been considered the primary mechanism of HCC cell death induced by thermal ablative therapies (17, 18) . However, the role of programmed or genetically controlled cell death mechanisms such as apoptosis and necroptosis in the regulation of heat stress-induced HCC cell killing is less well understood (19) .
Given the variation in temperatures achieved at the ablation margin, uniform coagulation necrosis throughout the entire tumor volume is unlikely and some regions may receive a lower thermal dose (15, 20) . Consequently, injured neoplastic cells may or may not progress to irreversible cell injury depending on the regulation of cell death. Dysregulation or loss of endogenous cell death mediators may limit the efficacy of thermal ablative therapies for HCC (21) . As such, there remains a need to further delineate the basic mechanisms of heat stress-induced HCC cell death, particularly at the ablation margin, in order to develop therapeutic strategies for enhancing thermal ablation-induced HCC cell killing.
The aims of the present study were to investigate the thermal-dose dependent effect of heat stress on hepatocyte and HCC cell death mechanisms using clinically relevant experimental heat stress conditions in vitro and to investigate apoptotic cell death induced by laser thermal ablation throughout the ablation zone in vivo.
MATERIALS AND METHODS

Cell Lines
The Clone9 rat hepatocyte and N1S1 rat HCC (ATCC, Manassas, VA) and AS30D rat HCC (DSMZ, Braunschweig, Germany) cell lines were cultured according to supplier recommendations.
In Vitro Heat Stress Protocol
The indicated cell lines were suspended in complete media in microcentrifuge tubes and heat stressed at the indicated temperatures (°C) in an isothermic water bath (22) . Treatment temperature was monitored using an Omega HH41 digital thermometer (Omega Engineering, Stamford, CT) and maintained to within ±0.05°C.
Cell Death Assay
Clone9, N1S1 and AS30D cells were heat stressed at the indicated temperatures for exposure times of 2 or 10 minutes and plated in 96-well tissue culture plates (N=3). At 6 and/or 24 hours post heat stress, the ApoTox-Glo ™ Triplex assay (Promega) was performed per manufacturer instruction. Briefly, the assay combines two fluorogenic substrates-one live cell protease and one dead cell protease-to measure cell viability and cytotoxicity and one luminogenic caspase-3/7 substrate to measure apoptosis within a single assay well (23, 24) . Fluorescence (GF-AFC, bis-AAF-R110) and luminescence were measured on a DTX 880 microplate reader (Beckman Coulter). Florescence and luminescence data were normalized to the non-heat stressed (37°C) control to determine relative cell viability, cytotoxicity and apoptosis and plotted versus temperature.
Necroptosis Inhibition
N1S1 and AS30D cells were pre-treated with the RIPK1 inhibitor necrostatin-1 (10μM; Sigma Aldrich) or vehicle control (0.1% DMSO) for one hour followed by heat stress at temperatures ranging from 37°C-50°C for 10 minutes (N=3) (25) . Cells were analyzed for viability using WST-1 assay (Roche) per manufacturer's instruction at 24 hours post-heat stress. Absorbance data were normalized to the 37°C vehicle control to determine relative cell viability.
In Vivo Ablation Study
Luciferase Plasmid Reporter Transfection-N1S1 cells were stably transfected with a pGL4.51[luc2/CMV/Neo] luciferase reporter vector (Promega) using X-tremeGENE HP DNA Transfection reagent (Roche) followed by positive selection in G418 (Life Technologies) and establishment of clonal populations using limiting dilution method as previously described (26) .
Animal Model-Studies were approved by the Institutional Animal Care and Use Committee. N1S1 orthotopic HCC model was developed as previously described using N1S1luc2 cells stably expressing firefly luciferase (N=12) (26, 27) .
Pre-Ablation Imaging-N1S1luc2 tumor-bearing rats were anesthetized and imaged using non-contrast enhanced 3T magnetic resonance imaging (MRI; GE Healthcare) to confirm tumor size and location as previously described (27) . To assess baseline tumor function, two-dimensional bioluminescence imaging (BLI) and three-dimensional diffuse luminescence tomography (DLIT) were performed beginning 10 minutes after a subcutaneous injection of sterile D-luciferin (150 mg/kg; Gold BioTechnology) using an IVIS200 (Caliper, a PerkinElmer Company) optical imaging system as previously described (26) .
Ultrasound (US)-guided Laser
Ablation-Rats were randomized to thermal ablation (N=6) or sham ablation (N=6). All ablation experiments were performed using an FDAapproved 980-nm laser generator (Visualase, Houston, TX) (26, 27) . Under ultrasoundguidance (logiq E9 Ultrasound, GE Healthcare), a bare 400μm core optical laser fiber with a 1.0 cm diffusing tip was inserted at the tumor margin. For the ablation group, tumors were ablated at a power setting of 3 watts for 45 seconds under continuous US-monitoring in order to generate an intentional partial ablation. The laser was not activated for sham-ablated animals.
Post-Ablation Imaging-Rats underwent repeat 2D BLI and 3D DLIT imaging at 6 and 24 hours post-ablation following an intraperitoneal injection of VivoGlo ™ Caspase-3/7 Substrate (100 mg/kg; Promega). Z-DEVD-Aminoluciferin is a prosubstrate containing the DEVD tetrapeptide sequence recognized by caspase-3 and -7. The DEVD peptide is cleaved in the presence of activated caspase-3 or -7 thereby liberating the aminoluciferin to react with luciferase and generate light. Thus, the light output is a sensitive and specific measure of real-time intratumoral caspase-3/7 activity (28,29).
Immunohistochemistry-Following the last imaging session, rats were euthanized using CO 2 inhalation. Liver/tumor tissue was removed and all specimens were placed in 10% neutral buffered formalin, embedded in paraffin and sectioned with a microtome for immunohistochemical analysis. Paraffin-embedded sections were stained with cleavage specific caspase-3 antibody (#9661; Cell Signaling Technology) per manufacturer instruction using methods previously described (30) . All sections were reviewed by an experienced pathologist (>20 years) in a blinded and random fashion to assess for tumor/ liver immunostaining as previously described (30) . Digital images were captured using a Leica DMLB microscope (Leica Microsystems) equipped with a MicroPublisher 3.3 RTV camera (Q-Imaging, Surrey, BC), and MetaVue Imaging System (V.6.3r2; Universal Imaging Corp, Downington, PA).
Image Analysis-MRI data sets were analyzed as previously described (26, 27) . Tumor dimensions were measured from the FSE T2 images in the axial, coronal and sagittal planes. Tumor volumes (mm 3 ) were calculated as previously described (26, 27) . Two-dimensional BLI and 3D DLIT image data sets were analyzed using Living Imaging Software 4.2 (Caliper, a PerkinElmer Company) as previously described (26) . Regions of interest were automatically segmented onto the 2D planar BLI image with a 25% maximum threshold and the mean radiance (photons/s/cm 2 /sr) calculated for each animal as a measure of tumor viability (D-luciferin) or caspase-3/7 activity (Z-DEVD-Aminoluciferin).
Statistical Analysis
Statistical analyses were performed by using Prism 5.0 (GraphPad Software, Inc., La Jolla, CA). Differences between treatment groups were compared with an unpaired t test (or Exact Mann-Whitney test) or one-way analysis of variance (ANOVA) followed by post-hoc pairwise comparison using an unpaired t test. p<0.05 was considered statistically significant.
RESULTS
Heat stress induces differential effects on apoptotic and necrotic cell death in a thermal dose and cell-type dependent manner
To determine the effect of thermal dose (temperature, exposure time) on the kinetics and mechanism(s) of hepatocyte and HCC cell death, heat stress of hepatocyte (Clone9) and HCC (N1S1 and AS30D) cells at temperatures from 37°C to 60°C for 2 or 10 minutes followed by assessment for viability, cytotoxicity and caspase-3/7 at 6 and/or 24 hours post heat stress was performed. The Clone9 ( Figure 1A, 1D ), N1S1 (Figure 1B, 1E) and AS30D ( Figure 1C, 1F) dose-response curves demonstrate that heat stress induces differential effects on cell death mechanisms in a thermal-dose and cell-line dependent manner. As evidenced by increased caspase-3/7 activity with decreasing viability and increasing cytotoxicity relative to the non heat-stressed control, there was early induction of apoptosis at lower temperatures (45°C to 50°C) for a given exposure time that was greater at 6 hours than 24 hours and different in magnitude across all three cell lines (Figure 1, 2) . In general, as temperature increased for a given exposure time, there was a transition from apoptosis to apoptosis±necrosis to active or late necrosis alone (≥47.5°C to 52.5°C) but the absolute temperature transitions occurred in a cell-line dependent manner (Figure 1, 2) .
Previous studies have suggested that N1S1 HCC cells are more resistant to heat stress than AS30D HCC cells (22) . Further analysis of the early temporal evolution of heat stress induced cell death in N1S1 HCC cells demonstrated active necrosis at 6 hours post heat stress at temperatures ≥55°C and ≥50°C for 2 and 10 minute exposure times, respectively, with progressive necrosis at temperatures ≥52.5°C and ≥47.5°C for 2 and 10 minute exposure times by 24 hours post heat stress (Figure 3 ). In addition, there was evidence of early induction of apoptosis at 6 hours post heat stress at temperatures in the range of 45°C to 50°C for 2 and 10 minute exposure times but limited progression to apoptosis at lower temperatures by 24 hours (Figure 3) .
Inhibition of necroptotic cell death induces differential effects on HCC cell viability under physiologic and hyperthermic heat stress
Preliminary experiments suggested that heat stress-induced cell death transitions from apoptosis to necrosis in the range from 45°C-50°C and that the kinetics of necrosis are slower at 50°C than at higher temperatures (Figure 1-3) . To determine if necroptosis mediated by receptor-interacting protein kinase 1 (RIPK1) may in part regulate heat stressinduced HCC cell death at intermediate thermal doses, pre-treatment of N1S1 and AS30D cells with Necrostatin-1, an ATP-competitive, allosteric inhibitor of RIPK1 followed by heat stress at temperatures from 37°C-50°C for 10 minutes and assessment of viability at 24 hours was performed (Figure 4) (25,31,32) . Inhibition of RIPK1 resulted in a significant increase in cell viability relative to vehicle treated cells under both physiologic (37°C) and hyperthermic (45°C-50°C) temperatures in the N1S1 cell line (p<0.001; Figure 4A ) but only under hyperthermic temperatures in the AS30D cell line (p<0.001; Figure 4B ).
Intentional partial tumor ablation induces caspase-3/7 activity at the tumor ablation margin in vivo
Previous studies have demonstrated that lower thermal doses are achieved at the thermal ablation margin in vivo and the in vitro data herein suggested that apoptosis is induced at lower thermal doses (Figure 1-3) (15, 20) . To determine if laser thermal ablation induces apoptosis at the tumor ablation margin in vivo, an intentional partial laser ablation or sham ablation was performed in rats bearing orthotopic N1S1luc2 HCC tumors with pre-and postablation bioluminescence imaging.
At baseline, there was no difference in tumor volume (mm 3 ), 2D radiance (photons/sec/cm 2 /sr) or 3D flux (photons/sec) between the laser ablation and the sham ablation groups (p>0.05, all; Figure 5 ). However, intentional partial thermal ablation induced a significant increase in in vivo caspase-3/7 activity in the laser ablation v. the sham ablation group that was elevated at both 6 hours (10.1-fold; 1.37×10 6 ± 9.0×10 5 v. 1.35×10 5 ± 8.7×10 4 p/s/cm 2 /sr, respectively; p<0.01) and 24 hours (16.7 fold, 6.8×10 5 ± 5.0×10 5 v. 4.1×10 4 ± 2.6×10 4 p/s/cm 2 /sr, respectively; p<0.02) ( Figure 6 ). The average radiance was higher at 6 hours than 24 hours in the laser ablation group although the data did not reach statistical significance (p=0.1). Representative 2D images from baseline tumor function and post ablation caspase-3/7-activity imaging at 6 and 24 hours are shown in Figure 7 . Post-ablation cross-sectional 3D DLIT caspase-3/7 imaging was feasible in laser ablation group but not the sham ablation group due to lack of induction of bioluminescent signal (Figure 8 ). Immunohistochemical (IHC) staining at 24 hours post-ablation demonstrated minimal cleaved caspase-3 staining within the tumor or at the margin between tumor and liver in the sham ablation group (Figure 9A, 9B) . On the other hand, IHC staining demonstrated increased cleaved caspase-3 staining at the tumor ablation margin that decreased radially from the ablation margin in the laser ablation group (Figure 9C, 9D) .
DISCUSSION
Anti-cancer therapies including thermal ablation induce cellular stress within neoplastic cells resulting in reversible cell injury with recovery or irreversible cell injury with cell death. Apoptosis and necrosis have been the most widely recognized modes of cell death in mammalian cells, including liver cell types (33) (34) (35) . However, further research into molecular basis of cell death has revealed that there are numerous cell death mechanisms with distinct morphologic, biochemical and molecular features and regulated by divergent and interrelated signaling pathways under both physiologic and stress states (34, 36) . Recent studies have focused on the interplay between endogenous necrosis, necroptosis and apoptosis mediating tumor response to anti-cancer therapies but their roles in the regulation of heat stress-induced HCC cell death remain unclear (37).
The present in vitro studies provide evidence that clinically relevant heat stress conditions induce both apoptotic and necrotic cell death in both hepatocytes and HCC cells in a thermal dose and cell-type dependent manner. Above a certain thermal dose threshold, these data suggest that necrosis is the principal mechanism of heat stress-induced cell death for both hepatocytes and HCC cells and that the higher the temperature for a given exposure time, the more rapid the necrosis, findings consistent with previous thermal ablation studies (17) . Although loss of cell membrane integrity may be the final common endpoint for necrosis, the increasing rate of necrosis induction seen with increasing thermal dose suggested that heat stress-induced cell death may transition from non-programmed, non-regulated necrosis at higher thermal doses to programmed, regulated necrosis or necroptosis at lower thermal doses.
Interestingly, inhibition of RIPK1, the principal kinase mediating induction of necroptosis, increased HCC cell viability under both physiologic (37°C) and hyperthermic (45-50°C) temperatures in the N1S1 cell line but only under hyperthermic conditions in the AS30D HCC cell line. These data suggest that necroptosis may in part regulate heat stress-induced HCC cell death as well as basal HCC cell growth in a cell-line specific manner. Molecular profiling studies have determined that HCC is heterogeneous malignancy comprised of different prognostic subtypes resulting from dysregulation of multiple signaling pathways (38, 39) . Previous studies have shown that the N1S1 HCC cell line is a more rapidly proliferating, metastatic HCC model whereas the AS30D cell line is a slower growing, nonmetastatic HCC model (27, 30) . Taken together, these data suggest that necroptosis may differentially regulate cell fate in different HCC subtypes, thereby underscoring the importance of utilizing biologically diverse HCC model systems for investigating the regulation of endogenous and heat stress-induced HCC cell death to improve the translational relevance of the findings.
Additionally, these data provide evidence that below a thermal dose threshold the mechanism of heat stress-induced cell death transitions from necrosis to apoptosis, findings consistent with previous studies in other non-HCC model systems (40, 41) . The in vivo data demonstrate that an intentional partial laser ablation induces a significant, time-dependent increase in caspase-3/7 activity, greater at 6 hours than 24 hours post-ablation. These findings are consistent with the in vitro data as well as previous studies demonstrating that apoptosis is induced in the early post-ablation period in both normal liver and breast cancer models (42) (43) (44) . Of note, the immunohistochemical staining of the post-ablation zone confirms that the increased cleaved caspase-3 activity is preferentially localized to the tumor ablation margin, similar to findings by Yang and Solazzo in a breast cancer model (43, 44) . As such, these data suggest that apoptosis may be a significant mechanism of cell death at the tumor ablation margin.
However, there are several considerations. First, the thresholds for transition from necrosis to apoptosis are not uniform across hepatocyte and HCC cell lines. Second, the magnitude of apoptosis induction appears to be greater in the normal hepatocytes relative to the HCC cells. Third, above a critical thermal dose threshold, caspase-3/7 activity is inhibited, suggesting loss of function of the apoptotic machinery. Lastly, the data do not provide evidence for progressive caspase-3/7 activity at lower temperatures in HCC cells over time. These findings raise the question, do anti-apoptotic mechanisms inhibit apoptosis induced by heat stress over time? One of the hallmarks of neoplastic cells is evasion of apoptotic cell death (45) . In HCC, the anti-apoptotic proteins Bcl-XL, Mcl-1, c-IAP1, XIAP and survivin are frequently over-expressed, thereby promoting an anti-apoptotic phenotype and resulting in loss of endogenous apoptosis (46) . Given the frequent dysregulation of apoptotic cell death pathways and upregulation of anti-apoptotic mechanisms in HCC, reliance on apoptosis to kill HCC, particularly at the ablation margin, may result in incomplete HCC cell killing and subsequent tumor progression (47, 48) . As such, development of adjuvant therapeutic strategies inhibiting anti-apoptotic mechanisms or targeting alternative cell death pathways may restore or enhance endogenous cell death mechanisms induced by thermal ablation in HCC (21, 37, 43, 44) .
There are limitations to these studies. The in vitro experiments utilized high throughput screening assays to identify experimental heat stress conditions that induce necrosis and apoptosis. Moreover, the use of RIPK1 inhibitor necrostatin to interrogate heat stress necroptosis provides preliminary evidence of a role for necroptosis in the regulation of heat stress-induced HCC cell death. However, these findings raise several questions for further investigation: what signaling mechanisms upstream of RIPK1 are induced by heat stress? Do anti-necroptotic mechanisms exist to prevent heat stress-induced cell death? Does loss of one programmed cell death pathway such as necroptosis shift cells toward other mechanisms such as apoptosis? Does necroptosis occur at the tumor ablation margin in vivo? Additional methods for assessing the morphologic, biochemical and molecular features of heat stressinduced necrosis, necroptosis and apoptosis are needed to more specifically interrogate their regulation in different HCC cell lines (49) . Moreover, given the known crosstalk between apoptotic and necroptotic cell death pathways, their interrelated regulation of heat stressinduced HCC cell death at lower thermal doses warrants further investigation (31) . Additionally, the role of autophagy as both a pro-death and a pro-survival mechanism in the regulation of heat stress-induced HCC cell death warrants investigation in this model system (37) . Lastly, the in vivo ablation experiments were limited to the N1S1 model (27) . Given the differences in heat stress-induced cell death between the N1S1 and AS30D cell lines in vitro, these studies warrant further investigation in the AS30D model as well (30) . Despite these limitations, the experiments herein provide a framework for further studies examining the molecular mechanisms of heat stress-induced HCC cell death in biologically diverse HCC models.
These experiments suggest that both regulated and non-regulated cell death mechanisms mediate heat stress-induced HCC cell killing and that the regulation of heat stress-induced cell death may vary between hepatocytes and different HCC subtypes. Overall these findings raise the question, does HCC response to thermal ablation vary between types of tumors due to differences in the regulation of heat stress induced cell death pathways? Further studies examining the molecular basis of heat stress-induced HCC cell death may aid in the development of individualized therapeutic strategies to enhance thermal ablation-induced HCC cell killing at lower temperatures, particularly at the ablation margin. , cytotoxicity (red line) and caspase-3/7 activity (blue line) at 24 hours post-heat stress using the ApoTox-Glo ™ Triplex assay (Promega). Data were normalized to 37°C control and presented as mean±SEM of 3 independent experiments. NE= no effect. EA= early apoptosis. A= apoptosis. N= necrosis. LN= late necrosis. D= dead Effect of heat stress temperature and exposure time on induction of apoptosis and necrosis 6 and 24 hours post-heat stress in N1S1 HCC cells. N1S1 cells heat-stressed at temperatures from 37°C-60°C for (A, B) 2 or (C, D) 10 minutes were assessed for viability (black line), cytotoxicity (red line) and caspase-3/7 activity (blue line) at (A, C) 6 hours and (B, D) 24 hours post-heat stress using the ApoTox-Glo ™ Triplex assay (Promega). Data were normalized to 37°C control and presented as mean±SEM of 3 independent experiments. NE= no effect. EA= early apoptosis. A= apoptosis. N= necrosis. LN= late necrosis. D= dead. Effect of inhibition of necroptosis mediator RIPK1 on N1S1 and AS30D HCC cell viability following heat stress. (A) N1S1 and (B) AS30D HCC cells pre-treated with the RIPK1 inhibitor necrostatin-1 (30μM) or vehicle control (0.1% DMSO) for one hour followed by heat stress at the indicated temperatures ranging from 37°C-50°C for 10 minutes were assessed with WST-1 viability assay at 24 hours post-heat stress. Data were normalized to 37°C control and analyzed using one-way analysis of variance (ANOVA) followed by unpaired t-test. Data are presented as mean±SEM (N=3). Baseline N1S1 tumor volume and bioluminescence in sham versus laser ablation groups. N1S1luc2 tumor-bearing rats randomized to sham ablation (N=6) or laser ablation (N=6) underwent pre-ablation non-contrast enhanced 3 Tesla magnetic resonance imaging (MRI; GE Healthcare) to confirm tumor size and location as well as two-dimensional bioluminescence imaging (BLI) and three-dimensional diffuse luminescence tomography (DLIT) using an IVIS200 optical imaging system (Caliper, a PerkinElmer Company) to assess tumor function. Representative pre-ablation axial fast spin echo (FSE) T2-weighted MR images of N1S1 tumors in (A) sham and (B) laser ablation groups demonstrate hyperintense T2-weighted N1S1 tumors (denoted by white arrowhead). (C) Tumor volumes were calculated from MR images, (D) average radiance (photons/sec/cm 2 /sr) from 2D BLI images and (E) total flux (photons/sec) from 3D DLIT images and compared between sham and laser ablation groups using an unpaired t-test (or Exact Mann Whitney test). There were no significant differences in any of the baseline parameters between groups (p>0.05). Data are presented as mean±SEM. Quantitation of real-time N1S1 tumor caspase-3/7 activity 6-and 24-hours post-ablation in sham versus laser ablation groups. N1S1luc2 tumor-bearing rats underwent two-dimensional caspase-3/7 bioluminescence imaging (BLI) (A) 6 hours and (B) 24 hours post-sham or laser ablation to assess apoptosis. Average radiance (photons/sec/cm 2 /sr) was measured from 2D BLI images and compared between sham and laser ablation groups using an unpaired t-test (or Exact Mann Whitney test). Data are presented as mean±SEM. Representative two-dimensional (2D) bioluminescent images of baseline tumor function and 6-and 24-hour post-ablation caspase-3/7 activity in sham and laser ablation groups. 2D BLI images from (top row) laser and (bottom row) sham ablation groups demonstrate similar baseline tumor function (A, D) but increased caspase-3/7-activity at 6 (B, E) and 24 hours (C, F) post ablation in the laser ablation group (B, C) but not the sham ablation group (E, F). All images on same bioluminescent scale. Representative cleaved caspase-3 immunostaining of N1S1 tumors from sham and laser ablation groups. A, low power (40x) and B, high power (100x) photomicrographs from the sham ablation group demonstrate very few cells staining positive (brown) for cleaved caspase-3 in the tumor (*), background liver or at the liver-tumor margin (denoted by black arrowheads). C, low power (40x) and D, high power (100x) photomicrographs from the laser ablation group demonstrate focal areas of markedly increased cleaved caspase-3 immunostaining at the tumor ablation margin (denoted by black arrowheads) with decreased immunostaining further from the ablation margin toward the non-ablated tumor.
